Generally, materials with high biocompatibility are more appropriate for bone and tissue transplant applications, due to their higher effectiveness in the healing process and infection problems. This study presents the effects of laser surface texturing on the surface topography properties, roughness, and wettability of thin titanium sheets, which consequently enhance the biocompatibility of this material. Creating line patterns across the surfaces, the titanium samples are prepared using variety of laser parameters. The apatite inducing ability of each sample is tested through the use of simulated body fluid (SBF). The final biocompatibility level of titanium samples is analyzed through wettability, surface angle measurements, and average surface temperature profile. Overall, the effects of laser parameter, pulse numbers, upon the biocompatibility of titanium are thoroughly examined, with results indicating that a scanning speed of 100 µm/ms results in desirable bone type apatite inducing abilities across the surface of treated titanium sheets.
Introduction
The fields of biomedical and tissue engineering have been expanded immensely in previous decades. Development of new technologies to enhance the biocompatibility of a wider range of materials in a short and efficient manner is one of the important challenges in these fields. Biocompatibility issues are notably improved by the introduction of laser surface micro/nano texturing techniques, and through the fast, precise, and reliable operation of these methods. Micro/sub-micro treated titanium surfaces are popularly used in scaffold systems in bone and tissue implant applications. High level of biocompatibility of titanium, is essential in the implant fabrication for avoiding any infections and immune system rejection while providing the required structural properties for the implant [1] [2] . An effective way of enhancing the biocompatibility of a material is to alter its surface properties, such as surface structure and topography [3] . The surface topography properties of a material, espeically the roughness properties, are very influential on the apatite inducing ability of bone type apatite to surfaces. Increasing the apatite deposition rate across the surface of a material increases the biocompatibility of that material as well [4] [5] . The purpose of this paper is to investigate the effects of laser surface texturing on enhancing the biocompatibility of titanium. The surface topography properties of the titanium samples are altered through a range of laser process parameters, and effects of pulse rate on surface structure, roughness, and wettability of titanium are examined. The biocompatibility of the processed samples is then examined by performing wettability analysis and through the use of simulated body fluid (SBF) and the comparison of multiple samples. The essential purpose of this research is to study the behavior and effects of laser scanning parameters. Due to the fact that these parameters vary in a wide range, understanding their effects on surface treatment and biocompatibility could provide an efficient manner for utilizing the lasers for biomedical applications.
Experimental Setup

Laser System & Sample Preparation
Thin sheets of titanium were chosen for conducting the experiment. The samples were initially irradiated with nanosecond pulses to create the predetermined line patterns on their surfaces with specific laser parameters. The experiment was completed using a pulse repetition rate (frequency) of 25 kHz; while the scanning speed was set to 100 µm/ms, 300 µm/ms, and 500 µm/ms, using the EZCAD © software. The laser power throughout the experiment was measured to be 7 W, which was calculated using a power-meter prior to processing of the samples. The following Table 1 displays the experiment design parameters in more detail.
SBF Processing & in Vitro Assessment
In the next phase of the study, the surface-treated samples were soaked in simulated body fluid, in order to assess their altered biocompatibility. To prepare simulated body fluid, a strict step-by-step method had to be followed. Since SBF is supersaturated with respect to apatite, failing to follow the preparation procedure accurately could lead to precipitation of apatite in the solution [6] . Given the exact amount of the required ingredients, the mixture of SBF must be conceived at controlling conditions, in terms of temperature and pH levels. After dissolving the exact amount of the given chemicals in order, using Tris and Hydrochloric acid, the pH level of the solution was controlled to be in the range of 7.40 -7.45 at a temperature of 36.5 degrees Celsius exactly. It was essential to ensure that the pH of the solution did not increase beyond 7.45 at any point during the preparation. The solution was finalized once the pH level of the solution was adjusted at 7.40 at a temperature of 36.5 degrees Celsius exactly [6] .
Upon conceiving the simulated body fluid, the surface treated titanium sheets were soaked in the fluid for a period of three days. The soaked samples were then examined using scanning electronic microcopy and by performing surface angle measurement analysis across their surfaces. The obtained results are presented and discussed in the following sections.
Results & Discussion
Structure of Line Patterns across the Surface
Surface topography properties of materials are directly influential on their apatite-inducing ability. Essential laser parameters such as pulse numbers can effect these properties greatly in many ways. Generally, upon laser irradiation, the surface structure and patterns of material change result in increased roughness and surface oxidation. Surface roughness is directly related to the availability of the exposed surface of a material. The exposed surface area of a work piece is more readily available upon an increase of surface roughness, which in return enhances the apatite-inducing ability and cell adhesion rate of a material. A larger surface area is exposed, and a larger number of cells can interact with surface; hence, a larger rate of apatite inducing can take place, which is the essential goal of this experiment [5] [7] [8] . Further, laser treatment of the titanium results in the creation of thin layers of titanium oxide (titania), through an increase in surface temperature of material up to the oxidation temperature [9] [10]. The created layer of titania across the surface of titanium, results in a cushion-type layer available for cells to more easily attach across the surface; this therefore results in a higher apatite perception across the treated surface of the titanium sheets [11] . An increase in the oxidation of the surfaces is directly effective on increasing the wettability of surface materials, which is also directly related to surface roughness. This leads to an increase in the apatite-inducing ability of the material, and greatly improves the biocompatibility of the implant surfaces [9] . This effect is further analyzed through the obtained results of this study.
Surface Angle Measurements; Wettability Analysis
Surface roughness and wettability are directly related. By increasing the surface roughness and oxidation of a material, the wettability of the material increases as well, which is an indicator of the ability of that particular surface to absorb more. This results in a porous effect upon the surface of the material, and is very effective in enhancing the apatite-inducing ability of the material [11] [12] . Upon imposing the line patterns on the surfaces of titanium sheets, their wettability is analyzed. Figure 1 displays the average surface angles measured for samples prepared with scanning speeds of 100 µm/ms, 300 µm/ms, and 500 µm/ms. Scanning speed directly influences the number of laser pulses. An increase in the scanning speed decreases the number of pulses irradiated upon the surface of the samples; hence, a scanning speed of 500 µm/ms has the lowest pulse numbers ( Table 1) .
As shown in Figure 1 , the surface angle of the samples increases as the scanning speed increases. This means that at lower pulse numbers there is a larger contact angle between the surfaces of titanium and water. The increase in the contact angle is an indicator that with a decrease in pulse number, the surface of the titanium is modified from hydrophilic to hydrophobic. This is due to the fact that lower pulse numbers have much less effect on the surface roughness and oxidation of material, since there is a shorter period of interaction between the laser and the material's surface [11] [13] . The hydrophilic properties of a surface cause the liquid to penetrate deeper into the surface; consequently, a smaller contact angle results, which is a strong indicator of improvement in wettability of that material. Having a high wettability produces a porous temple for the cells to easily absorb and attach to the surface of titanium, and thereby enhance its biocompatibility. Looking at Figure 1 , it is easy to see that the wettability of the sample prepared with a scanning speed of 100 µm/ms (pulse rate: 5) has the highest wettability due to the largest number of pulses. As mentioned, the higher number of pulses notably increases the roughness and oxidation of the titanium surface, and results in a better porous effect across the surface [7] [11] [14] .
SBF Soaking of Surface Treated Titanium Sheets
To fully examine the effects of pulse number on roughness, oxidation, and wettability of titanium sheets, and their biocompatibility, the samples were soaked in SBF for three days. Figure 2 and Figure 3 display the SEM micrographs of the apatite-inducing ability of samples prepared by power 7 W and scanning speeds of 100 µm/ms, 300 µm/ms, and 500 µm/ms.
As it can be seen from Figure 2 , the imposed line patterns on the surface of titanium sheets has made the surface rougher, and as a result, a thicker bone-type apatite layer precipitated upon each surface. The deposition of these layers is an indicator of the apatite-inducing ability of the processed samples, and hence a higher biocompatibility. The thicker the bone-apatite layer deposition is, the higher the apatite-inducing ability is, and therefore the higher the biocompatibility of the titanium sheets is. Figure 3 displays a closer view of the titanium samples soaked in SBF. Comparing the three samples in this figure, it can be seen that the bone like apatite layer across Figure 3(A) is more developed compared to the other two samples. As mentioned, a lower scanning speed results in a higher number of pulses. In this sample, more energy was transferred from laser to the surface of titanium, and the roughness of the surface is highly altered compared to other two cases. Therefore, a better apatite-inducing ability results in this sample. Similarly, comparing Figure 2 (B) and Figure 2(C) , the apatite-inducing ability of Figure 3(B) is better than the previous sample, since it has a larger number of pulses in comparison.
Further, as stated, the heat rise is larger with more number of pulses; therefore, the temperature of a larger area of the surface would reach the oxidation level. This in return will turn a larger amount of titanium into titanium oxide. As stated, titanium oxide increases the wettability of the surface material. This is in agreement with the results obtained from the wettability analysis of the titanium sheets. Sample A) with the greatest number of pulses, had the lowest contact angle, and hence the highest wettability. As stated, when the wettability of a material is increased, a higher surface energy exists across the surface of that material, and therefore a better Zoomed SEM images of A) 100 µm/ms; B) 300 µm/ms; C) 500 µm/ms; Power: 7 W, F: 25 KHz meditation of bone-like apatite deposition can be achieved. Essentially, the higher apatite inducing ability provides a better cell attachment rate [11] [14] [15] . Figure 4 shows the magnified SEM image of the deposited ion-substituted carbonate apatite layer formed by SBF treatment. In this figure, the arrows refer to the bone-like apatite fully developed across the treated surface of the samples, much similar to the apatite layers in Figure 3. 
Temperature Profile Analysis of Treated Samples
To verify the accuracy of the obtained observations, a thorough theoretical analysis of effects of laser parameters upon the surface roughness and wettability of the samples is conducted. In order to fully understand the degree of change in surface roughness and wettability of each sample, tracking the changes in the surface temperature across the samples due to number of pulses is an ideal approach. In this study, the one-dimensional heat conduction equation is assumed to be [16] :
where a is the thermal diffusivity coefficient. In this analysis, the thermal diffusivity coefficient is calculated using the following relation [17] [18]:
where k is the thermal conductivity coefficient, ρ is the density, and c p is the specific heat of titanium.
To simplify the heat conduction equation, the profile of laser pulse is taken to be a rectangular profile with the step-like rise and fall; therefore the temperature profile for each laser pulse is obtained as:
Next the maximum temperature, occurring at the end of each laser pulse, is required to develop the surface temperature profile, which can be approximately calculated as [18] [19]:
( ) ( )
where p t is the pulse duration, k is the thermal conductivity coefficient, P is the average power,  is the frequency, d is the laser spot diameter, R is the reflection coefficient, and K is the residual energy coefficient. The reflection coefficient is calculated to be 0.56 for wavelength of 1064 nm, the residual energy coefficient is taken as 0.45, the thermal diffusivity coefficient is obtained 7.068exp-6, and laser spot diameter calculated as 30 μm.
Finally, the average temperature across the surface of the samples is obtained as [17] [19]:
where m T is the maximum temperature calculated using Equation (1), n is the pulse numbers, and α is laser pulse which is given by T min = α T max . Where α is the constant ratio for the previous maximum and the following minimum temperatures and equals to ( )
The presented analytical results of the study are associated with possible errors due to multiple assumptions made throughout the work. However, the discussed results accurately display the trend of temperatures, which is the most important aspect of the analysis. The temperature profile using power of 7 W, Frequency of 25 KHz, for each of the cases of study is obtained by using a pulse number range of 1 pulse through 50 pulses. Figure 5 displays the temperature profile obtained in this study: Figure 5 displays the average surface temperature for the samples using a power of 7 W. As shown, the temperature rises with an increase in the number of pulses irradiated on the surface. The high temperature causes more ablation on the surface of the material, which in return increases the roughness and oxidation of the surface. The trend of temperature change is in very close agreement with the obtained observations in this study. At lower scanning speeds, a higher number of pulses are obtained, and therefore a higher surface temperature is achieved. Therefore, the sample prepared using a scanning speed of 100 µm/ms has higher roughness across the surface with a better wettability. Examining the apatite-inducing ability of this sample as discussed in Figure 2 shows this clearly [20] .
Conclusion
Through this study, the effects of laser surface texturing on the apatite-inducing ability of titanium were investigated, using different scanning speeds (thus different pulse numbers), in preparation of line patterns across the surface of the samples. By increasing the surface roughness of the samples, the wettability of the samples increased, and hence a cushion-type temple was created that produced an effective environment for cell attachment to take place. The biocompatibility of the titanium sheets was thereby enhanced to be more applicable in bone and tissue transplant applications. The samples, after pre-defined line patterns on their surfaces were generated, were placed in simulated body fluid for three days before being tested for their biocompatibility. The immersed samples were then analyzed using SEM and wettability to evaluate the bone-type apatite-inducing ability on the surface of each set of samples. Also, the effects of pulse numbers on the surface roughness, wettability, and oxidation level of the material were compared. Upon completion of the analysis, it is observed that using lower scanning speeds results in higher pulse numbers; therefore, higher surface temperatures at the irradiated spots and larger roughness and oxidation levels are achieved. This leads to better apatite-inducing ability across the surface of the titanium sheets. Overall, the experimental observations are in close agreement with the analytical results.
